Introduction
Plant species and genotypes within species can differ widely in their tolerance to excess manganese (Mn) (Foy et al., 1988) or susceptibility to its deficiency (Graham, 1988) in the soil or other substrate in which they grow. Often these differences are hereditary (Broadley & White, 2005; Pittman, 2005) . Although manganese (Mn) toxicity can be a common problem in tropical regions with acid soils, Mn deficiency in soybeans (Glycine max L.) grown in Brazilian Cerrado (savanna) has been recognized as a nutritional disorder frequently related to excessive liming (Tanaka et al., 1992) . However, the variations in the concentrations of Mn in plants have been attributed either to genetic factors or to soil fertility conditions (Fageria, 2001) . Plant species and genotypes within the same species can differ widely in the tolerance to high Mn (Foy et al., 1988) as well as in susceptibility to the deficiency when grown under conditions of low Mn availability (Graham, 1988) . The mechanisms of tolerance to excess Mn have been associated with oxidation of the Mn in the roots, restricted absorption by the roots and translocation of the excess Mn to the leaves, as well as uniform distribution in the tissues, greater internal tolerance and interaction with other elements (mainly K, Ca, Mg, Fe and Si) and defense mechanisms against oxygen reactive species, such as activation of enzymes like ascorbate peroxidase, catalase, Mnsuperoxide dismutase and glutathione peroxidase (Demirevska-Kepova et al., 2004; Morita et al., 2006) . On the other hand, better internal utilization or lower requirement, greater redistribution of Mn, increased rate of absorption, exudation of organic acids, acidification of the rhyzosphere and geometry of the root system have been reported as the main mechanisms responsible for lower susceptibility of Mn deficiency (Graham, 1988; Rengel, 1999) . The harmful effects of both deficient and excessive Mn on many species have been studied, mainly considering the morphological and anatomical aspects of the ultrastructure and biochemical aspects of the aerial part, where the symptoms are manifested, particularly the leaves (Demirevska-Kepova et al., 2004; Papadakis et al., 2007a,b) . However, there are few reports on anatomical and changes in the root ultrastructure in response to variations in the supply of Mn (McQuattie & Schier, 2000) and regarding the effect of genotype (Santandrea et al., 1998a,b; Izaguirre-Mayoral & Sinclair, 2005) .
Fig. 1. Soybean leaf showing deficiency symptoms (A), Mn-normal leaf (B) and high-Mn concentration (C).
There also were no visual symptoms of Fe deficiency in the cultivars caused by excess Mn in the solution. The manganese concentrations in the leaf and root samples are shown in Table 1 . Chlorosis of interveinal areas first appeared in younger leaves (Mn deficiency symptoms), whereas toxicity symptoms were observed both in the young (markedly) and old leaves. In all three genotypes, leaf Mn concentration increased as Mn concentration in the nutrient solution increased. In the 200 μmol L -1 Mn treatment, higher Mn concentrations were found in leaves of IAC-15 followed by Santa Rosa and IAC-Foscarin 31 cultivars, respectively. However, there were no differences between the three cultivars with regard to leaf Mn concentration, for any of the three Mn treatments. In general, the critical deficiency range in fully expanded leaves is quite narrow, varying between 10 and 20 mg kg -1 dry mass. On the other hand, critical leaf concentration for toxicity can vary within a very wide range, depending on plant species and genotypes within species, and on environmental conditions, such as temperature and mineral nutritional status (Fageria, 2001) . Fageria (2001) attributed Mn concentrations in soybean leaves, respectively, of 67 and 720 mg kg -1 , as adequate and toxic contents. Lima et al. (2004) pointed out concentrations of Mn of 1,800 mg kg -1 as being toxic to shoots of soybean cultivar Emgopa 316, grown in Oxissols from the Brazilian Cerrado. The observations of the cross sections of the root tips allowed quantifying the average root diameter of the three cultivars ( Table 2 ). The diameters of the IAC-15 cultivar increased by 63% and 116% with the increase of Mn in the solution from the lowest to the highest rate, respectively. This effect was not as evident for the other cultivars and did not translate into more efficient absorption of the Mn, that is, a greater V max value and lower K m and C mim values (Lavres Jr., 2007) . The increased root diameter (root thickening) may have been caused by suberization and lignification of the cortex cells, thus reducing the absorption of water and nutrients (Fitter, 1996) . (Fig. 2 IIIC) . The IAC-15 cultivar showed the presence of both a metaxylem (three veins) and protoxylem (three bundles containing an average of four veins each). The organization and ordering of the conducting veins, as well as the integrity of the cortical cells, play a fundamental role in the nutrient absorption and transport processes. If on the one hand an organized arrangement of the conducting veins can allow more efficient absorption (Rosolem et al., 2005) in the presence of low Mn availability, on the other hand when there is excessive Mn in the substrate, the maintenance of the integrity of the cells of the epidermis, exodermis, endodermis and cortex can provide greater compartmentalization of the Mn in the roots, thus reducing its long-distance transport and diminishing the toxicity in the shoot (Lavres Jr. et al., 2009) . In this context, the apoplast "compartment" or free space apparently acts as a significant mechanism for tolerance to excess of the micronutrient, notably in tolerant (hyperaccumulator) plants, as recently discussed by Lavres Jr. et al. (2009) and Führs et al. (2008) . However, Santandrea et al. (1998b) reported that plants tolerant to excessive Mn (5,000.0 μmol L -1 ) showed a greater number of xylem elements (protoxylem and metaxylem), with lignified walls, in relation to the control plants (100.0 μmol L -1 ). They also found that in the control group, the roots only showed protoxylem elements. With respect to lignification, it is known that Mn, along with boron, Cu and Fe, is involved in the metabolism of phenol compounds and the biosynthesis of lignin. Lignification occurs by the activation of 3-deoxy-
D-arabino-heptulosonate-7-phosphate (DAHP) synthase [EC 2.5.1.54], in the secondary metabolism via shikimic acid. This phenomenon is more evident in the roots, which pose a physical barrier to the entrance of the pathogen. Mn is a co-factor for the lyase of phenylalanine and ammonia, producing cinnamic acid and other phenols, besides being a co-factor of peroxidases (Huber & Graham, 1999; Malavolta, 2006; Morita et al., 2006; Thompson & Huber, 2007) . The observations by electron transmission microscopy of the root cells of the three cultivars maintained in the solution with Mn concentration of 2.0 μmol L -1 (Fig. 3 ) revealed more normally shaped cell walls and middle lamella compared with those grown at the lowest dose. The cells of the control treatment showed normally shaped nuclei and cytoplasm filled (Fig. 3 IIC) . In IAC-Foscarin 31, both under normal supply and excess Mn in the solution (Fig. 3 IIIB and IIIC) , there were inter-cellular spaces present, characterized as the apoplast (or apparent free space). This possibly contributes to greater accumulation and compartmentalization of Mn in the roots, thus reducing its long-distance transport and conferring greater tolerance to excess Mn. This phenomenon is in agreement with the reports of Führs et al. (2008) , who described that the leaf apoplast of the cowpea (Vigna unguiculata L.), a species also belonging to the Fabaceae family, is known for playing an important role in the tolerance to Mn excess/toxicity, because of the high activity of peroxidase in this compartment. The optical microscopic observations allowed identification of structural differences in the mesophyll of the three cultivars (Fig. 4) . At the lowest Mn rate the cross sections of the leaf blades of the Santa Rosa and IAC-Foscarin 31 cultivars had various mesophyll cell layers, making it hard to distinguish between the palisade and spongy parenchyma ( 
IIIA). Both had broad and rounded cells, in agreement with the reports of Papadakis et al. (2007a,b) . However, these layers were clearly distinct in the IAC-15 cultivar (Fig. 4 IIA) .
There was a reduction in the number of chloroplasts, particularly in the palisade tissue, when compared to the control treatment (Mn dose of 2.0 μmol L -1 ). This effect was stronger in the IAC-15 cultivar. Weiland et al. (1975) reported significant differences in the number of chloroplasts per cell of the palisade parenchyma of soybean plants, varying from six chloroplasts per cell under deficient conditions to nine in well supplied plants. The authors also noted this reduction in the cells of the spongy parenchyma. Papadakis et al. (2007a) also reported the negative effect of Mn deficiency in the reduction of the number of chloroplasts in citrus leaves. In another study, the primary effect of a lack of Mn in pecan leaves (Carya illinoinensis C. Koch.) was a reduction in the number of chloroplasts in mesophyll cells, but the Mn content of the chloroplasts remained the same as in those of the control treatment, without damage to photosystem II (Henriques, 2004) . It should be pointed out, however, that the number of chloroplasts can vary according to the portion of the cell shown by cross sections. In other words, the possibility cannot be ruled out of obtaining a larger or smaller portion when making the histological slices. The palisade and spongy parenchymas of the three soybean cultivars grown in the solution with Mn concentration of 2.0 μmol L -1 were distributed in orderly fashion in the mesophyll, enabling identification of two cell layers in the palisade parenchyma in the upper adaxial face of the blade and a single layer of spongy cells in the abaxial face. The mesophyll cells had normal sizes and shapes, with easily distinguishable chloroplasts distributed throughout the cells (Fig. 4) . At the highest Mn rate, the chloroplasts of the Santa Rosa and IAC-15 cultivars were concentrated in the lower part of the parenchyma cells (notably in the palisade tissue), resulting in a large area of cytoplasm and vacuole. The presence of a larger number of starch grains as well as the larger size of the plastoglobules in cultivar IAC-Foscarin 31, as reported by Lavres Jr. (2007) , may have contributed to the smaller expansion of the vacuoles and cytoplasm, because of the increased size of the chloroplasts. Apparently there was no reduction in the number of chloroplasts in the three cultivars, unlike the finding of Santandrea et al. (1998a) , who observed a smaller number of these organelles in the mesophyll cells of Nicotiana tabacum (L.) maintained in solutions with Mn of 2,000 and 5,000 μmol L -1 , rates higher than those tested in the present study.
These results lead to the following question: Can the smaller extension of the vacuoles in the IAC-Foscarin 31 have an influence on the accumulation of the excess Mn, or do the cells of the palisade parenchyma (greater number of chloroplasts) have the capacity to "store" the excess Mn? In a study of four forest species that are Mn hyperaccumulators -Gossia bidwillii, Virotia neurophylla, Macadamia integrifolia and Macadamia tetraphylla -Fernando et al. (2006a,b) suggested that the accumulation of the excess Mn in the leaves occurs by storage in the nutrient in the mesophyll cells of the palisade parenchyma (photosynthetically active tissue), as a behavior pattern in these accumulator plants, unlike what occurs with Cu and Ni, which are accumulated in the tissues of the epidermis (trichomas) and in the vacuole (Arru et al., 2004; Broadhurst et al., 2004) , and with Zn and Cd, which are accumulated in the vacuoles of the spongy mesophyll cells and apoplast (Küpper et al., 1999; Di Toppi et al., 2005) . The accumulation of Mn in the form of oxalate crystals is debatable (González & Lynch, 1999) . The scanning electron microscopy images of sections from Mn-deficient leaves, in all the three genotypes, showed a certain degree of tissue disorganization and minor alteration in the epidermis (abaxial and adaxial face), and no stomata reduction in relation of those observed in adequate Mn-supply (2 μmol L -1 ). At the highest Mn rate (200.0 μmol L -1 ), there were alterations in the epidermis and tissue agglomeration, resulting in epidermical hypertrophy -in other words, a huge disorganization in cell arrangement. This can also be confirmed by the morphometric assessments shown in Table 3 . Under all Mn rates, there were no changes either in stomata length or stomata number both in the adaxial and abaxial face (Fig. 5) , a finding that agrees with the observations of Weiland et al. (1975) and Baldisserotto et al. (2004) . However, it should not be ignored that under severe Mn toxicity conditions, there was high disorganization of the tissue, characterized by hidden stomata throughout the leaf area as well. Nevertheless, Lidon (2002) observed, in rice plants grown in nutrient solutions containing 2.4, 145.0 and 582.0 μmol L -1 of Mn, alteration in stomata length, which decreased by about 50% under the supply of the highest rate. He concluded that the reduction was associated with the physiological control of the rice plants, as the mechanism responsible for the low Mn transport from roots to shoots, i.e., as a consequence of low xylem flow, which might be altered by the variation of transpiration rates.
Mn rates (μmol L -1 ) Cultivars 0.5 2.0 The external manifestation of abnormality caused by toxicity to any element, essential or not, is the result of a chain of occurrences that starts with an alteration at the molecular level, continues with sub-cellular modification, which in turn leads to a cellular change that finally causes disorganization of the tissue -the symptom. The deficiency of any nutrient also can trigger a series of events leading to the visual symptom. According to the anatomical changes and timing of manifestation of the symptoms of Mn deficiency and toxicity observed in this study, we can assume there are various mechanisms that act together to maintain the biochemical processes and structural apparatuses of plants, resulting in different degrees of tissue organization. We can also suggest that Mn detoxification of cells by activation of the antioxidant defense system (enzymatic or not), binding of Mn to complexing agents in the root system (phytochelatins, metallothioneins and nicotianamine) and subsequent deposit of Mn in the apoplast, reduction in long-distance transport of the metal-ligand complex, and finally, storage inside the vacuoles (Bidwell et al., 2002; Ducic & Polle, 2005; Yan et al., 2000) , can all be more effective in the tolerant genotype, IAC-Foscarin 31. The deficiency of any nutrient can unleash this series of events until the appearance of a visible symptom. Several studies, more specifically dealing with the deficiency of Mn in plants, have demonstrated the role of Mn in the maintenance of chloroplast ultrastructures (Weiland et al., 1975) , since Mn deficiency resulted in a reduction in the rate of PS II electron transport (Papadakis et al., 2007a,b,c) . On the other hand, marked alterations in the Golgi apparatus and the endoplasmatic reticulum were observed (Izaguirre-Mayoral & Sinclair, 2005) , as well as in the mitochondria under Mn toxicity conditions (Santandrea et al., 1998) . However, none of these effects were observed in the present study. Transmission electron microscopy revealed ultrastructural alterations in the mesophyll of all the three genotypes (Fig. 6 ). Since the leaves were sampled when the first symptoms appeared (deficiency and toxicity), the anomalies did not progress to complete disorganization of the epidermis (abaxial and adaxial face). Furthermore, increased Mn concentration in the nutrient solution caused an increase in leaf lamina thickness, primarily due to increased length of palisade parenchyma cells (Table 3 ). The spongy parenchyma thickness also increased with higher rates of Mn in the nutrient solution, ranging from 63.1 to 285.7 µm, 12.4 to 115.3 µm and 42.7 to 191.9 µm for Santa Rosa, IAC-15 and IAC-Foscarin 31, respectively. On the other hand, the palisade and spongy parenchymas of the three soybean cultivars grown in the solution with 2 μmol L -1 Mn were regularly distributed. Two cell layers could be identified in the palisade parenchyma of the upper leaf surface and a single layer of spongy cells on the abaxial face. The mesophyll cells had normal size and shape, with easily distinguishable chloroplasts distributed throughout the cells. Most of these details can be observed in Lavres Jr. et al. (2010) . These results are the same as pointed out by Papadakis et al. (2007c) , who reported that increased Mn concentration in the nutrient solution caused an increase in leaf lamina thickness of orange plants, primarily due to increased length of palisade parenchyma cells. Furthermore, at a Mn rate of 686 μmol L -1 , spongy parenchyma thickness also increased. Transmission electron microscopy of transversely cut leaves from all genotypes grown at 0.5 µmol L -1 Mn revealed small chloroplasts with round aspect (markedly in Santa Rosa and IAC-Foscarin 31) and scarce starch granules. Stacked thylakoids (granum) around the stroma and a higher number of vesicles in the cytoplasm were also observed. However, extensive cytoplasmic disorganization, increased vacuolation and amorphous cytoplasm were more evident in IAC-15. In this case, alterations in the thylakoid membranes were evident (Fig. 6-IIA) . For all genotypes, Mn-deficient chloroplasts were smaller than those of normal and Mn-toxicity (2.0 and 200.0 µmol L -1 of Mn, respectively) (Table 3) , where chloroplasts occupied larger part of the cell volume. Within each chloroplast, the grana were arranged parallel to the envelope. Each granum was organized with two or three other grana into a stack characterized by a close association with adjacent granum surfaces. This effect was more evident in the Santa Rosa. Mn deficiency did not affect the ultrastructure of other cellular organelles, like the mitochondria and nucleus. The symptoms of Mn deficiency observed in soybeans in this study were similar to those described by Weiland et al. (1975) . On the other hand, chloroplasts at the highest Mn supply, especially with regard to the IAC-15 leaves, had an elongated shape, with thylakoids piled in a disorderly manner, underdeveloped grana, scarce starch granules in comparison with those cultivars, and holelike folds in the thylakoid membrane. In short, there was a general disorganization within the chloroplast. An incomplete structure of the plastid was seldom observed. The cytoplasm had an amorphous and dense aspect (spotted), widely disorganized and with great number of vesicles. In a few cells the protoplast was separated from the wall towards the inner part of the cell (Fig. 3-IIC) . According to Santandrea et al. (1998) , high levels of Mn damage the structure and function of cell membranes. Furthermore, separation of the cell membrane from the cell wall and rupture with formation of many cytoplasmatic vesicles in adjacent spaces can occur. Higher absorption of Mn, as of other heavy metals, probably increases the formation of free radicals, causing thus peroxidative damage of the cell membranes (Morita et al., 2006) . The fact that lipid globules were observed in the IAC-15 chloroplasts -small electron-dense lipid globules usually situated along the stroma -at all Mn rates could indicate either alteration in the metabolic route of starch synthesis, or this could be a characteristic of the genotype. In contrast, the lipid globules were not evident in the IAC-Foscarin 31, irrespective of the Mn concentration in the nutrient solution. The role of Mn in the lipid synthesis process is not well known. However, the effect could be secondary, due to a low photosynthetic rate, which restricts the carbon supply for fatty acid synthesis. The reduction in the number of chloroplasts and the size of their inner membrane system as well as the amount of starch in Mn-deficient plants provides morphological evidence indicating a dysfunction of photosynthetic apparatus (Weiland et al., 1975; Henriques, 2003 Henriques, , 2004 . In the mesophyll cells of Santa Rosa and IAC-Foscarin 31 plants grown under Mn excess, the chloroplasts showed normal configuration with a well-organized inner membrane system. Usually there were three or four starch grains per chloroplast cross section (Fig. 6-IC and 6-IIIC) . As observed in IAC-Foscarin 31, there was an increase in the size of starch grains, which were swollen (Table 3) . Doncheva et al. (2005) observed chloroplasts with distorted thylakoids, as well as increased size and number of starch grains, along with the presence of small vesicles and darkened stroma in pea plants (Pisum sativum L.) grown with a Mn rate of 3,000 μmol L -1 . They concluded that the most evident structural alteration in the chloroplasts was the increase in the number of starch grains, possibly due to inhibition of the transport of photosynthates from the leaf to other organs. Papadakis et al. (2007c) reported that Mn affected the size and shape of chloroplasts in seedlings of Citrus volkamericana (L.), which were shorter and thinner under 0 μmol L -1 Mn compared to the treatments with 2 to 686 μmol L -1 . Besides this, the percentage of starch grains per chloroplast was fivefold under 686 μmol L -1 in comparison with the treatments with 0 to 98 μmol L -1 Mn, as was also observed in IAC-Foscarin 31 in the present study.
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Kinetics of Mn uptake by soybean plants
The cultivar IAC-Foscarin 31 absorbed a significantly higher amount of Mn compared to other cultivars, and this difference was increased from 10 hours of exposure time in Mn solutions. At the end of the evaluation period, it was found that the concentration of Mn in the exhaust solution of IAC-Foscarin 31 was 74.5%. This value was 45.5% lower compared to cultivars Santa Rosa and IAC-15, respectively (Fig. 7(A) ), which can be confirmed by the largest absolute growth rate of roots (Fig.7(A) ). The largest absolute growth rate of roots was obtained by cultivars IAC-Foscarin 31 followed by IAC-15 and Santa Rosa from approximately 48 hours after start of exposure time in Mn solutions. It is known that in older plants, the inflow rate is smaller on basis of dry weight; because the number of absorption sites per unit mass is lower (Nye & Tinker, 1977; Jungk, 1996; Reid, 1999) . Regarding to the influx of Mn in the roots, it was found the interaction between soybean cultivars and doses of Mn in solution, suggesting that there is a significant genotypic differences among the cultivars (Fig. 7(B) ). Mean values of V max for IAC-Foscarin 31, IAC-15 and Santa Rosa were 0.67, 0.50 and 0.42 μmol g -1 h -1 , whereas the respective K m values were 0.45, 0.87 and 1.02 μmol L -1 , respectively. The K m parameter for IAC-Foscarin 31 was 56% and 48% lower compared values presented by cultivars Santa Rosa and IAC-15, indicating a greater affinity for the charger of Mn by IAC-Foscarin 31. This physiological process is clearly showed in the Fig. 7(B) , where the influx of Mn in low concentrations is higher.
Conclusions
In conclusion, the effects of Mn deficiency and toxicity on leaf cell ultrastructure, such as number, size and distribution of grana, starch grains and lipid globules per chloroplast, showed distinct differences among the three tested genotypes (IAC-15 and Santa Rosa were affected more). According to the ultrastructural alterations as well as the periods of the appearance of visual symptoms of Mn deficiency and toxicity, the existence in Mn-tolerant IAC-Foscarin 31 of several mechanisms that act jointly to maintain the structural and biochemical apparatus of the plants resulting can be supposed. This response of IAC-Foscarin 31 to both Mn deficiency and toxicity could be ascribed to higher levels of antioxidant enzyme activities and thus to lower oxidative stress.
The existence of a cell adaptation mechanism to excessive Mn availability (200.0 μmol L -1 Mn), by increasing the size of chloroplasts as well as their number per cell area was observed in Santa Rosa and markedly in IAC-Foscarin 31 cultivars. Furthermore, according to the anatomical changes and timing of appearance of the symptoms of Mn deficiency and toxicity observed here, we believe there are various mechanisms that act together to maintain the biochemical processes and structural plant apparatuses, resulting in different degrees of tissue organization. The IAC-Foscarin 31 showed the lowest K m and higher V max , which has increased the efficiency of absorption. The efficiency of absorption and use of Mn by soybean plants were higher in the cultivars IAC-31 Foscarin> IAC-15 ≥ Santa Rosa.
